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1 INTRODUCTION 
1.1 Motivation of the study 
Hydropeaking is a common problem of water courses that are affected by production of peak 
energy in hydro power plants. The hydropeaking phenomenon is characterized by rapid changes 
in discharge (Locher, 2005, Schneider & Noack, 2009). In order to meet peak electricity de-
mand, hydropower stations alter their discharge several times a day, resulting in the alteration of 
hydrological characteristics of downstream flow, including magnitude, duration, timing, rate of 
change (upramping and downramping rate) and frequency of changes in flow (Céréghino & La-
vandier, 1998, Marty et al., 2009). 
Hydropeaking may cause severe impacts on the biodiversity of a stream. In fact, due to hy-
dropeaking the abiotic environment in a stream is strongly altered. As a consequence many fish-
es, macroinvertebrates and aquatic plants undergo a major stress and very often they are not able 
to survive these frequent water level fluctuations (Vehanen et al., 2003, Meile, 2006). 
Water policies, for example the European Water Framework Directive (EU, 2000) require a 
good ecological status of rivers to be re-established. The Swiss Federal Law for water protection 
is even more straightforward in forcing the owners of hydropower plants, responsible for hy-
dropeaking, to realize structural or – in exceptional cases –  non-structural mitigation measures. 
In this paper a case study is presented where different solutions to mitigate the impacts on 
stream ecology due to hydropeaking are evaluated. With the help of abiotic indicators represent-
ing the hydropeaking phenomenon the present status of habitat conditions in the affected river 
system is examined. By analyzing costs and benefits of technically feasible solutions and judg-
ing the effect on river ecology the best variants can be determined. 
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In order to provide a holistic understanding, the analysis is deepened with the help of the 
Gomez and Probst (Gomez & Probst, 1995) method. This method was developed in order to an-
alyze complex problems including the construction of a network between elements forming the 
system. However, integrated analysis for problem solving provides only the fundamentals for 
discussion of the issues in the public. Thus, the present case study was embedded in an integrat-
ed river management concept with public participation where other topics like flood protection, 
aquatic and terrestrial ecology, land use planning were also considered.  
1.2 Physical indicators of hydropeaking 
Due to hydropeaking the hydrological regime of a river is altered with a direct impact on the 
abiotic environment of a river such as hydraulics and sediment transport. The abiotic environ-
ment exerts his impact on the biotic environment of the aquatic system, i.e. on its long term eco-
logical functionality. In order to describe the short term impacts and assess the hypothetical ef-
fect of mitigation measures several physical indicators might be used (Schweizer, 2009). They 
are briefly described here: 
− Absolute flow change rate (Qmax/min): depending on this relation and on the characteristics of 
the artificially added discharge water temperature and turbidity in the affected river reach 
might change, causing negative impacts for aquatic animals. However, peak flow Qmax is re-
sponsible for others of the following indicators, too. 
− Frequency of bed mobilization: if the river bed is mobilized at each hydropeaking cycle, ma-
croinvertebrates and fish eggs in the hyporheic zone are moved. Consequently, in these river 
reaches reproduction activity for fishes is barely possible. 
− Rate of change on the rising limb of the hydrograph: A too high rate of change causes the 
drift of macroinvertebrates as there isn’t given enough time to them to budge into zones 
where shear stress is low. This happens rather in channelized rivers than in other river types. 
− Rate of change on the falling limb of the hydrograph: this relation influences mainly the var-
iation of river width, but also the variation of flow depth and velocity, creating a stress on 
aquatic animals. If variation of river width happens too fast, there is the risk that fishes during 
the decrease of discharge remain in water ponds that are separated from the main flow. In 
rivers with a natural morphology this risk is higher than in channelized rivers 
− Variation of Reynolds number and shear stress: these indicators have a direct influence on 
the resistivity of macroinvertebrates against being drifted downstream. 
For some of these indicators clear quantitative predefinitions and thresholds for ecologically 
compatible values are available in literature, whereas for other indicators only qualitative con-
siderations can be found.  
1.3 The study area and hydropeaking issues 
The Etsch has its source on the main chain of the Alps closed to the boarder between Italy and 
Austria and is, in terms of length, the second largest, and, in terms of watershed surface, the 
third largest river in Italy. Mainly the headwaters of the Etsch are intensively exploited for hy-
dropower production. In the XXth century several dams were constructed for the seasonal stor-
age of water in order to produce peak energy. 
 
Table 1. Key data of the Glurns and Kastelbell power plant. _______________________________________________________________ 
Plant      Net  Design   Installed  Energy pro- 
       head  discharge  capacity  duction/year        _____  __________  _________  ____________ 
       m   m³/s    MW    GWh _______________________________________________________________ 
Glurns     586  18     90     291 
Kastelbell    294  30     93     438 _______________________________________________________________ 
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In the extended project area (Fig. 1) there are two power plants which produce peak energy, 
namely the power plants of Glurns and Kastelbell. The power plant of Glurns is supplied by wa-
ter from the Reschen lake that has a reservoir volume of 120 mio. m³. Downstream of the power 
plant in Glurns there is an intermediate reservoir. From there water is artificially released in or-
der to allow peak production also for the run of river plant in Kastelbell who’s water intake is 
situated around 12.5 km downstream of the intermediate reservoir, creating hydropeaking ef-
fects on the river courses in between. Table 1 reassumes the key data of the Glurns and 
Kastelbell power plant. 
 
 
Figure 1. Extended project area with key elements. 
 
 
Peak energy usually is produced on working days between 8:00 to 18:00. However, in the last 
years due to changes on the energy market (liberalization, increase in energy demand during 
weekends) the operation of the plants has undergone some modifications.  
In order to follow the daily peak demand, Kastelbell power station that during the night 
works as run of river plant requires water released from the intermediate reservoir in Glurns. 
Thus the discharge in the affected rivers Puni and Etsch in the reach between Glurns and Laas is 
rapidly rising from a low to a high stage corresponding to a flood discharge. When the power 
stations are turned off, the river discharge returns back to a residual flow, which is often very 
low because of the large quantities of water that are diverted into the Reschen lake. The result of 
this operating mode is a high and, more important, rapid variability in flows. Figure 2 shows a 
typical discharge curve on the Etsch river for a two week period. It can clearly be noticed that 
there is kind of an artificial flood every day from Monday to Friday due to hydropeaking where-
as on the weekends (in the center of the graph) energy need is lower and thus the power stations 
don’t produce peak energy. 
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Figure 2. Discharge fluctuations due to hydropeaking in the Etsch river. 
 
There are two rivers affected by hydropeaking in the study area (Fig. 4). From the intermediate 
basin water is released into the Puni river. After around 3.54 km of flow length downstream of 
the point where water is released the Puni confluences with the Etsch river. The length of the 
Etsch between the confluence of Puni and Etsch and the water intake for the Kastelbell power 
plant is 8.91 km. 
During the years from 1819 to 1825 the Etsch river has been entirely channelized in the pro-
ject area whereas the Puni river is characterized by a rather natural morphology with diverse 
habitats that are favorable for the aquatic community (see also Figure 3). When dealing with 
hydropeaking it is of primary importance to consider also the morphology of the concerned 
stream. Depending whether the stream is channelized with a regular section or the stream has a 
natural, pristine morphology the impacts of hydropeaking on the aquatic ecology can be signifi-
cantly different.  
 
  
Figure 3. The affected rivers during peak flow due to hydropeaking. Left: Puni (note that hydropeaking 
causes a discharge almost equal to bank full flow). Right: Etsch (note the artificial river morphology). 
2 CONDUCTED STUDY 
2.1 Present state 
In order to assess the present state, the following indicators have been considered at three con-
trol sections: (i) hydropeaking ratio Qmax/Qmin, (ii) rate of change on the rising and falling limb 
of the artificially created hydrographs (dP/dt), (iii) near bottom shear stress (τ), (iv) dimension-
less critical shear stress (θ-θC). The control section P1 (Fig. 4) is situated at the Puni river, the 
control section P2 at the Etsch river immediately downstream of the confluence with the Puni 
river, whereas the control section P3 is at the Etsch river around 2 km downstream of the inflow 
of the Sulden river which in the study area is the most important tributary of the Etsch. 
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Figure 4. Study area with key elements, control sections P1-P3 and structural project variants B1-B3. 
 
Figure 5. Duration curve for hydropeaking ratio in the Etsch (left) and correlation of hydropeaking ratio 
between Etsch and Puni. 
 
 
Analyzing in detail the discharges from 1996 to 2004 at the control section P2 (situated near a 
gauge station), the duration curve for the hydropeaking ratios Qmax/Qmin (Fig. 5) shows that a 
hydropeaking ratio >1:5 at the Etsch is exceeded for not more than 16.5 % of the time, whereas 
a hydropeaking ratio >1:8 is an exceptional event that occurs in average once or twice per year. 
Comparing hydropeaking ratios between river Etsch and river Puni (Fig. 5) it can be concluded 
that a hydropeaking ratio of 1:5 at the Etsch is corresponding to a ratio of 1:25 at the Puni. 
When considering up-ramping and down-ramping rates at the control sections (Fig. 6), it can 
be observed that at river Puni the change of water depth is 29 cm/hour at the rising limb of the 
hydrograph and 58 cm/hour on the falling limb of the hydrograph, whereas at P2 and P3 these 
values are slightly lower. In literature different threshold values are given (Saltveit et al., 2001, 
Halleraker et al., 2002, Baumann, 2004). An average value of 12 –18 cm/hour for the down-
ramping rate is generally seen as an ecologically acceptable value. 
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Figure 6. Up-ramping (left) and downramping rate (right) at control sections. 
 
 
 
Figure 7. Bottom shear stress (left) and difference of shear stress θ and critical shear stress θc for incipient 
bed load motion (right). 
 
 
If bottom shear stress is looked at, in Figure 7 can be seen that during maximum discharges bot-
tom shear stress is always above 10 N/m² which in literature (Baumann, 2004, Gibbins et al., 
2007) is indicated as maximum tolerable shear stress for most of the macroinvertebrates. The 
combination of fast up-ramping rates and high bottom shear stresses for macrobenthos in the 
Puni and Etsch causes life conditions being far from the ideal. However, due to the channelized 
morphology of the Etsch bottom shear stress is higher than 10 N/m² even in low flow condi-
tions.  
The right imagine on Figure 7 states that during maximum flow critical shear stress for the 
commencement of bed mobilization is reached. Therefore additional stress during the spawning 
season might be caused due to partial movement of the river bed.  
The analysis of the present situation allows the conclusion that the rivers in the project area 
are strongly affected by hydropeaking operations leading to losses in biomass and consequently 
an impairment of biodiversity. However, mainly in the Etsch also the channelized river mor-
phology is a factor responsible for biodiversity decline. Therefore, mitigation measures to im-
prove the present situation have to be planned considering both hydropeaking and morphology. 
2.2 Definition of mitigation measures 
2.2.1 General considerations 
Mitigation measures for hydropeaking are subdivided into two concepts, namely operational 
(non-structural) measures and structural measures. If at the first glance operational measures 
seem to be realizable quite easy, it is important to be aware that hydropeaking operations are 
necessary to cover the peak electricity demands. Peak load power plants are, besides gas turbine 
and pump storage plants, the most effective way to produce peak energy. When a peak load 
power plant changes its operational rules by reducing hydropeaking in scale and/or time, conse-
quences for national economies are to be faced as other sources have to cover the loss in peak 
energy production. 
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2.2.2 Operational measures 
For the present case two major groups of operational measures have been considered:  
− the complete elimination of peak production in the power plant of Kastelbell (A1) and 
− the reduction of the hydropeaking ratio to maximum ratios of 1:4, 1:3, 1:2, 1:1.5 and 1:1.25 
(A2). 
If peak production in the power plant of Kastelbell was completely given up and from the in-
termediate basin a constant discharge was released, the power plant in Glurns would also have 
to modify his operational rules and would reduce drastically the duration of peak production. 
The volume of the intermediate basin is in fact large enough to temporarily store the water that 
has been turbined in the power plan of Glurns only for two hours before being filled. Also when 
hydropeaking ratio is reduced, both power plants have to adapt their operational modes. 
2.2.3 Structural measures 
Several structural measures for the present case were discussed. They focus on realizing an arti-
ficial subterranean channel that runs parallel to the affected rivers and transports the hydropeak-
ing discharges downstream. To transport the peak flows of maximum 20 m³/s the channel will 
be realized as a rectangular concrete profile with a width of 7 m and a height of 3.15 m. The 
channel will be pressurized, therefore allowing for a low head power plant to be installed at its 
downstream end. The three variants B1, B2 and B3 (Fig. 4) only differ in the lengths of the 
channel.  
In variant B1 the artificial channel has a length of only 0.5 km. It allows to release water al-
ternatively into the Etsch or into the Puni. At the intermediate reservoir water can only be re-
leased into the Puni, because there the river bed of the Etsch is at a higher level than the bottom 
of the intermediate reservoir. In variant B2 the channel has a length of around 4.5 km is extend-
ed until the mouth of the Sulden river and the water is released at this point into the Etsch. In 
variant B3 the channel, having a length of 12.5 km, covers the whole length of the study area 
and releases water directly into the water intake in Laas.  
2.2.4 Cost-benefit analysis 
A cost-benefit analysis has been conducted in order to compare operational with structural 
measures. When operational measures are adopted, besides of the fact that peak energy has to be 
provided elsewhere, the plant owner has to face economical losses. A complete elimination of 
hydropeaking for example would lead to an average loss of selling price of more than 10 % at 
the Glurns power plant and around 5 % at the Kastelbell power plant. In Figure 8 the 
cost-benefit analysis is represented graphically. The total abandonment of hydropeaking is taken 
as reference scenario where the expected losses in 30 years are assigned a value of 100 %. For 
each of the operational measures always two scenarios were calculated: one scenario with the 
actual volume of the intermediate basin (150.000 m³) and one scenario with the hypothesis that 
the volume of the intermediate basin is increased to 400.000 m³. The left column beneath the 
indication of the hydropeaking ration (f.i. 1:2) shows the scenario with the actual volume and 
the right column with the increased volume of the intermediate basin. The three columns on the 
right end of the graph show the structural variants B1 to B3.  
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Figure 8. Graphical representation of the cost-benefit analysis 
 
 
The graph puts in evidence that the variant B1 generates the least economical losses in 30 years 
(only 3 % of the losses in comparison to a total elimination of hydropeaking). Also variant B2 is 
an economically valid variant as the economical losses are at a level of around 15 % in compari-
son to a total hydropeaking abandonment. Concerning the operational measures, it results that 
after an increase of the volume the intermediate reservoir is suitable for being used as detention 
reservoir. If hydropeaking ratio is limited to 1:5 in the Etsch river and the volume increased, 
economical losses are around 10 % in comparison to no hydropeaking. 
Consequently, a combination of variant B1 or B2 and A2n is the best solution to mitigate the 
harmful impacts of hydropeaking without major losses for the plant owner and with an accepta-
ble loss of available peak energy. 
3 DECISION FINDING PROCESS 
3.1 Establishment of a holistic decision supporting network 
When complex problems have to be solved, holistic and integrated approaches that consider all 
the critical elements involved in a decision taking process are needed. Mitigation of hydropeak-
ing impacts concerns not only the plant owner, but also different other stakeholders having an 
interest on a sustainable use of the water resources.  
In the present case, the variant analysis described in the preceding chapter, is deepened with 
the help of the Gomez and Probst (Gomez & Probst, 1995) method. This method was developed 
in order to analyze complex problems where a high number of factors with strong interactions 
and high dynamics are present. The core of the method includes the construction of a network 
forming the system. The network is set up by defining all the factors that are concerned by a 
problem, and subsequently establishing where relations between the factors exist and in which 
way the factors influence each other, i.e. evaluating in a relation which is the influencing (ac-
tive) element and which is the influenced (passive) element. A matrix is then built, attributing 
weights to every link, allowing to obtain an integrated view of the functioning of a system. 
In an expert assembly a total number of 64 factors that are relevant for the study area have 
been defined. After establishing direct relations, and also indirect relations of the first and se-
cond order, Figure 9 that shows the significance of the considered factors was elaborated. Hy-
dropeaking and peak energy production obtain the highest active sums and are therefore motors 
of the system. Therefore the decision to analyze in detail hydropeaking in the project area was 
more than correct. Reactive elements can be used as indicators for the problems created by the 
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situation. As expected, biodiversity and cash flow for the plant owner are important variables 
that are strongly influenced by hydropeaking. Surprisingly, also the attractiveness for tourism is 
an important reactive element demonstrating that the status of running waters is a key element 
for the prosperity and image of a region. 
 
 
 
Figure 9. Graphical representation of influence matrix with active, critical, reactive and passive elements. 
3.2 Public participation 
As the issues in the study area are not only limited to hydropeaking, but also to flood protec-
tions, to land use management, irrigation for agriculture, tourism, biodiversity conservation and 
enhancement, in 2008 an integrated river management project was launched with the participa-
tion of the concerned stakeholders.  
In regular sessions detailed information about ongoing studies was given as a base for work-
ing groups where directives for a guiding image (“Leitbild”) were elaborated. Also the measures 
to mitigate hydropeaking impacts were discussed either in working groups or open panel discus-
sions. After the working process the defined measures were approved by the plenum. 
4 CONCLUSION 
The present study shows that hydropeaking causes significant alterations of the abiotic envi-
ronment. However, evaluation of physical indicators revealed that the strongly altered morphol-
ogy of the affected water courses also plays in important role for the impaired biodiversity. 
In order to define mitigation measures a variant analysis was carried out with the result that 
operational measures should be adopted in a very limited way as they cause not only economi-
cal losses for the plant owner, but also losses of peak energy that has to be produced elsewhere 
to cover electricity demands. A combination of operational adaptations together with structural 
measures such as a pressurized conduit running in parallel to the rivers and releasing water at a 
point where absolute flow rate change might be ecologically acceptable is the solution to be re-
alized. 
An integrated decision supporting network clearly showed that hydropeaking is a lever of the 
system. Therefore, planning and realizing measures to mitigate negative hydropeaking impacts 
is an important step to allow a sustainable development of the region also in the future. In order 
to realize the mitigation measures detailed feasibility studies are now on the way. 
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